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Abstract Movement of sediment, and associated phosphorus, from stream banks to freshwater lakes is
predicted to increase with greater frequency of extreme precipitation events. This higher phosphorus load
may accelerate harmful algal blooms in affected water bodies, such as Lake Champlain in Vermont, New York,
and Québec. In the Mad River, a subwatershed in central Vermont’s Lake Champlain Basin, extreme flooding
from Tropical Storm Irene in 2011 caused extensive erosion. We measured stream channel change along
the main stem between 2008 and 2011 by digitizing available prestorm and poststorm aerial imagery. Soils
were sampled post Irene at six active stream erosion sites, using an experimental design to measure
differences in soil texture and phosphorus both with depth (90 cm) and distance from the stream. In addition
to total phosphorus (TP), we determined bioavailable (soil test) phosphorus (STP) and the degree of
phosphorus saturation (DPS). The six sites represented a 0.87-km length of stream bank that contributed an
estimated 17.6 × 103 Mg of sediment and 15.8 Mg of TP, roughly the same as average annual watershed export
estimates. At four sites, the STP and DPS were low and suggested little potential for short-term phosphorus
release. At two agricultural sites where the lateral extent of erosion was high, imagery showed a clear loss of
well-established riparian buffer. Present-day near-stream soils were elevated in STP and DPS. An increase in
these extreme events will clearly increase sediment loads. There will also be increasing concentration of
sediment phosphorus if stream banks continue to erode into actively managed agricultural fields.
Plain Language Summary Extreme precipitation events can cause streams to swell above their
banks and erode near-stream soil. Because stream bank soils contain phosphorus, increased erosion can
increase the transport of phosphorus into lakes, leading to harmful algal blooms. Our study occurred in
central Vermont along the Mad River, which flows into Lake Champlain. Tropical Storm Irene delivered a
record amount of rainfall to much of Vermont. Soils were already wet and streams quickly flooded, causing
drastic stream channel changes. We used aerial photography to measure the change in stream channel and
calculated the amount of soil lost. We also sampled soil at six erosion sites, measuring various forms of
phosphorus. These measurements suggest that one extreme event delivered as much sediment and
phosphorus into the stream as is normally exported over an entire year. Bioavailable phosphorus was low in
most soil samples. However, high erosion along two agricultural fields removed large trees that formed a
buffer with the stream and pushed present-day stream banks well back into the farmland. These soils had
elevated amounts of bioavailable phosphorus and would likely contribute more toward downstream
eutrophication if erosion continues. The effect of this one extreme event will continue to be felt for years
to come.
1. Introduction
A number of regions of the world, including the northeastern United States, have experienced increases in
precipitation in recent decades. This trend is forecast to continue (Intergovernmental Panel on Climate
Change, 2013), along with an increase in extreme precipitation events, such as those delivered by tropical
cyclones or their remnants (Horton & Liu, 2014). These events have the potential to drastically alter both
stream geomorphology and ecology (Death et al., 2015; Naylor et al., 2017), and riparian zone biogeochem-
ical behavior (Vidon et al., 2017). Event-induced increases in stream bank erosion and sediment export are
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• Extreme event-induced stream bank
movement along six eroding sites
generated sediment loads equivalent
to average annual watershed exports
• Phosphorus loads were also high, but
short-term phosphorus release may
be limited because of low
bioavailability in the eroded
sediment
• Stripping of riparian buffers and
lateral bank retreat into actively
managed agricultural fields may
enhance future phosphorus losses
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associated with the high stream power resulting from extreme events (Magilligan et al., 2015). This increased
erosion, in turn, will increase sediment-associated phosphorus (P) loading to streams and may contribute to
eutrophication and harmful algal blooms in sensitive, downstream water bodies (Anderson et al., 2002;
Carpenter et al., 1998; Vidon et al., 2018).
Extreme events are well recognized for the role they play in sediment production and export through river
basins (Gonzalez-Hidalgo et al., 2010). Climate change-induced changes in precipitation intensity and fre-
quency are expected to alter erosion rates in diverse settings (Nearing et al., 2004). Within the northeastern
United States, studies of the impact of extreme precipitation events have shown they have the potential to
accelerate erosion and export more sediment load in a single event than the long-term annual average, as
observed during Tropical Storm Irene in the Connecticut River (Yellen et al., 2014). A number of studies have
attempted to model the impact of changing climate regimes, particularly the occurrence of extreme storm
events on sediment production and yield, identifying stream bank erosion as a key contributor to sediment
fluxes under the type of extreme events expected in the future (Bussi et al., 2014; Stryker et al., 2018).
Stream bank erosion can be a measureable source of P loading, as has been documented in a number of agri-
cultural regions (Fox et al., 2016). Estimates of themagnitude of this contribution vary amongwatersheds and
locations. For example, in a Danish lowland river, Kronvang et al. (2012) found that stream banks contributed
17–29% of the annual total phosphorus (TP) export. Sekely et al. (2002) estimated that 7–10% of the annual
TP load from the Blue Earth River in Minnesota came from stream bank slumping. Estimates from other parts
of the United States have been within these ranges (Fox et al., 2016). In the Lake Champlain Basin of Vermont,
stream bank inputs to annual TP losses have been estimated at 36% in the northern Missisquoi River
watershed (Langendoen et al., 2012) and 6–30% in small central (less agricultural) tributaries (Ishee et al.,
2015). Dewolfe et al. (2004) found on average that 25% of annual TP losses came from stream bank erosion
in four Basin streams but with high variability along different reaches (2–92%). Although these studies reveal
both spatial and temporal variability, stream banks can contribute over one third of the annual TP export.
Riparian buffers help to attenuate and filter overland flow and stabilize stream bank soils, thereby reducing
erosion and transport of sediment and associated TP (Osborne & Kovacic, 1993). Presence of aboveground
biomass (e.g., tree trunks and branches) in the floodplain increases hydraulic resistance, slowing overland
flow velocities that attenuate and trap sediment transported by flood flows. The dense root systems of
woody vegetation increase soil shear strength and stability relative to unvegetated soils (Abernethy &
Rutherfurd, 2000), although there is a range among species in root morphology and resulting effectiveness
(Merritt, 2013). Miller et al. (2014), working in an Oklahoma watershed, measured about 3 times greater
stream bank recession rates and greater TP losses from sites without riparian protection. Zaimes et al.
(2008) showedmuch lower erosional and TP losses from stream bank sites with forested or grass riparian buf-
fers compared to sites with no buffer in Iowa catchments. Extreme events can reduce the effectiveness of
riparian buffers, if excessive channel widening leads to reduced buffer widths or if a sudden channel avulsion
bypasses the riparian buffer altogether. These buffer-compromised sites, in turn, are susceptible to increased
erosion during future events.
On 28 August 2011, Tropical Storm Irene delivered up to 20 cm of rain to parts of Vermont, causing extensive
flooding damage (Anderson et al., 2017; Buraas et al., 2014). Portions of Vermont experienced 12-hr rainfall
amounts at a>500-year recurrence interval (RI; Anderson et al., 2017), and a number of streams experienced
record flows with RI flooding of 300–1,000 years (Magilligan et al., 2015). Rainfall intensity was greatest along
the spine of the southern Green Mountains resulting in extensive landslides and mass wasting (Dethier et al.,
2016). Flooding effects, chiefly channel avulsion and coarse sediment deposition in floodplains, were more
pronounced and documented in the Connecticut River watershed of southeastern Vermont (Dethier et al.,
2016; Magilligan et al., 2015; Yellen et al., 2016). However, the central subwatersheds of the Lake
Champlain basin also experienced >100-year RI flooding including the north flowing Mad River at >200 RI
peak flow (Olson, 2014) and the upper Winooski River basin (Olson, 2015). The intensity of the flooding
was not only exacerbated by high antecedent soil moisture (Yellen et al., 2016) but also somewhat dampened
by the relatively short period (<12 hr) of intense precipitation (Magilligan et al., 2015).
The Mad River is a tributary to the Winooski River, which drains to Lake Champlain, a lake that has experi-
enced increasing frequency of harmful algal blooms in recent years (Isles et al., 2015), and is the subject of
restoration plans for P reduction (Smeltzer et al., 2012). Working at primarily agricultural sites along the
10.1029/2018JG004497Journal of Geophysical Research: Biogeosciences
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main stem of the Mad River, we used a combination of aerial image analysis, elevation data from unmanned
aircraft surveys (UASs; Hamshaw et al., 2017), and soil sampling to estimate the amount of stream bank sedi-
ment and associated TP lost to the stream from <1 km of stream bank length during the extreme flooding
caused by Tropical Storm Irene. These six sites were chosen because of their stream bank erosion potential.
Our study was designed specifically to measure change only at these sites along the floodplain of the main
stem to demonstrate the disproportionately important role of at-risk eroding stream banks to material loads
during extreme events. To do this, we compare the site-specific estimates for this event with separate esti-
mates of erosion along the main stem and estimates of watershed export of both suspended sediment
and TP.
2. Materials and Methods
2.1. Mad River Watershed
Themain stem of the Mad River (Figure 1) runs 35 km north from Granville andWarren to its junction with the
Winooski River in Moretown, Vermont. The 373-km2 watershed comprises the eastern slopes of the main
ridge of the Green Mountains (highest elevation 1,232 m) and the western slopes of a secondary ridge
(~850-m elevation). Most (86%) of the watershed is forested with 5% in agriculture, 8% developed, and 1%
other (Troy et al., 2007). Because of the steep nature of the watershed, much of the agricultural and devel-
oped land lies along the valley floor, close to the main stem and major tributaries of the Mad River. Within
a typical year, a majority of the runoff occurs between ice-out and late spring (Shanley & Denner, 1999).
Floods often result from snowmelt or rain-on-snow events but can also be associated with convective storms
or tropical systems in summer or fall. A United States Geological Survey (USGS) gauge (04288000) has been
monitoring discharge near the confluence with the Winooski River since 1928. A 2-year RI discharge is esti-
mated as 163 m3/s (Olson, 2014). The peak discharge of 685 m3/s on 28 September 2011 during Irene was
1.05 times higher than the previous record from 3 November 1927 (Olson, 2014). In addition to the stream
bank erosion described below, this storm caused considerable overbank flow and floodplain sediment
deposition, along with extensive structural damage to bridges (Anderson et al., 2017).
2.2. Sites and Soil Sampling
In 2013, six study sites were selected along the Mad River main stem where the aerial imaging, described
under section 2.4, showed historic channel movement and where landowner permission could be obtained.
Soils at all sites had alluvial parent material and were mapped as Inceptisols in the United States Department
of Agriculture (USDA) Natural Resources Conservation Service (NRCS) taxonomic system, namely, Fluventic
Dystrudepts and Fluvaquentic Endoaquepts (Soil Survey Staff, 2017a). To examine differences in soil proper-
ties from the stream edge into the adjacent land use, two lateral transects, 4 m apart, were established at
each site perpendicular to the stream. Transects were located to minimize sampling of recent flood deposits.
Based on imagery taken 4 weeks post Irene (Figures 2 and S1), and field observations, Irene sediment deposi-
tion at our sampling sites appeared minor. Site E did have some evidence of a recently buried soil horizon at a
depth of about 15 cm. Samples were taken at three points along each transect: 1 m back from the top of the
stream bank edge, midway through the riparian buffer (if present and >3 m wide), and 10 m into the field
(Figure S1). To capture vertical variability, soil samples were taken with a 5-cm bucket auger to a depth of
90 cm, when possible, in four increments: 0–15, 15–30, 30–60, and 60–90 cm. Data from the two transects
points were averaged. A few points had gravel or larger coarse fragments preventing sampling below
60 cm. To characterize the spatial variability in soil properties, six additional 0- to 15-cm samples were taken
from each location (stream bank edge, buffer, and field) 10 m perpendicular from each transect, or longitud-
inally along the stream (Figure S1). Two to four separate samples of the stream bank itself were taken at each
site 0–15 cm into the bank at 1-m spacing down the bank slope. At Sites C and E, additional depth samples
were taken at one of the stream bank edge points to 150 and 120 cm, respectively. In order to convert soil
volumemeasurements to mass, bulk density samples were taken using a 9.8-cm hammer-driven bulk density
corer in the 0- to 15-cm depth of the main transect points and along the stream banks.
The land use/land cover at the six sites presented here included hay fields associated with active dairy/beef
farms, small-scale vegetable production, and forest (Table 1). The riparian vegetated buffer at two sites (A and
B) was narrow (<3 m) unmown hay. At two other sites (C and D), the buffer was dominated by Fallopia japo-
nica (Japanese knotweed) that anecdotally was reported to spread widely after Irene.
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Figure 1. Map of the Mad River Watershed showing the stream network and study sites.
Figure 2. Images of two of the erosion sites (left) before and (right) after (right) Tropical Storm Irene. Digitized stream bank
lines are overlapped in the center image to show areas of erosion (red = 2008; blue = 2011). The green rectangle outlines
the area of stream bank erosion measurement. See Figure S2 for the remaining sites.
10.1029/2018JG004497Journal of Geophysical Research: Biogeosciences
ROSS ET AL. 21
2.3. Laboratory Analyses
All 232 soil samples were air dried and sieved to <2 mm before further
analyses. Three forms of soil P were determined: an estimate of TP, the
degree of phosphorus saturation (DPS) and ameasurement of bioavailable
or soil test P (STP). For the first two procedures, subsamples of<2-mm soil
were ground to pass through a 0.5-mm sieve before weighing for analysis.
TP, the primary measurement used in water quality studies, was estimated
by nitric acid microwave-assisted digestion and inductively coupled
plasma optical emission spectroscopy using United States Environmental
Protection Agency Method 3051 (United States Environmental
Protection Agency, 2007). This is a standard method but may give results
slightly lower than the true total because of incomplete digestion of
occluded P minerals (Leytem & Kpomblekou-A, 2009). The DPS, used to predict the potential to sorb or
release soluble P, was determined on 118 of the samples (all stream bank edge but only the 0- to 15-cmmain
transect samples for the other locations) using the acid ammonium oxalate procedure (Courchesne & Turmel,
2007). This method is intended for noncalcareous soils and extracts the less crystalline forms of Fe and Al that
can precipitate added P. The % DPS was calculated using the molar ratio of P to half the sum of Fe plus Al.
Prior research with Vermont stream corridor soils found a DPS of <20% in locations with no known history
of P additions (Ishee et al., 2015). For an estimate of bioavailable P, the Modified Morgans soil test procedure
(pH 4.8 ammonium acetate, 1.25-M acetate) was used (Wolf & Beegle, 2011). Magdoff et al. (1999) found that
this extraction, which removes much less P than F-based extractants such as Bray and Mehlich-3, was reason-
ably well correlated with weak-salt extractable (soluble) P and, as such, is a good indicator of immediately
bioavailable P.
Organic matter was determined by weight loss on ignition for 2 hr at 375 °C in a forced air oven, adjusted for
an established relationship from samples with known carbon content (Schulte & Hoskins, 2011). Particle size
was determined on the near-stream bank depth samples using the hydrometer method after dispersion with
sodium hexametaphosphate (Day, 1965). Bulk density cores were dried overnight at 105 °C and sieved to
<2 mm, and soil and coarse fragments weighed separately. The volume of the coarse fragments, if present,
was calculated assuming a density of 2.65 Mg/m3, and both the volume and weight were subtracted from the
final calculation of soil bulk density.
2.4. Measurement of Channel Change and Soil Loss
Aerial imagery from 21 August 2008 (pre-Irene) and 26 September 2011 (post-Irene) was obtained from the
National Agriculture Imagery Program (NAIP) and used to digitize channel margins for analysis of areal
change. NAIP imagery is acquired at 1-m ground sample distance and has a nominal horizontal
accuracy of ±6 m on photo-identifiable ground control points (USDA Farm Service Agency NAIP Imagery,
https://www.fsa.usda.gov/programs-and-services/aerial-photography/imagery-programs/naip-imagery/, last
accessed March 2018). To assess horizontal accuracy in registration of the photo sets used for this study,
we identified and digitized 19 control points (building rooftops and road intersections) common on the three
orthophoto sets for each year (2008 and 2011). The ArcGIS v. 10.5 (Environmental Systems Research Institute,
2017) NEAR function was used to measure distance between control points across photo years and assess
photo offsets, yielding an estimated horizontal error of 2.38 m with a range between 0.90 to 4.54 m. We used
this horizontal error estimate to quantify likely error associated with photo registration andmanual digitizing,
though we acknowledge that quantifying error associated with manual digitizing is challenging. Using the
imagery as a visual guide, we digitized the stream margin for each photo year. The areal change along the
six sampling sites was measured by creating a polygon of the two stream bank locations (2008 and 2011)
bounded by the extent of the field edge along the stream (e.g., Figure S2). An overlay analysis using the
ArcGIS UNION function yielded areal change estimates. This approach to change detection assumes a com-
mon river stage across the two photo sets such that visual interpretation of the channel margin is not affected
by water surface elevation. River stage at the USGS gauge (Figure 1) during the daylight hours was 0.951 and
0.942 m, respectively, for the two photo dates (USGS National Water Information System, https://waterdata.
usgs.gov/usa/nwis/uv?04288000, last accessed March 2018). The small difference in river stage (9 mm) across
these two image dates would have minimal impact on the relative channel delineation.
Table 1
Site Characteristics at the Time of Sampling (June–July 2013)
Site Field vegetation Buffer width (m) Buffer vegetation
A Hay 2.5 Unmown hay
B Hay 1.5 Unmown hay
C Hay 23 Fallopia japonica
D Hay 10 Fallopia japonica
E Potato 35 Conservation plantinga
F Riverine forestb 15 Riverine forest
aNative tree saplings planted in 2013. bSugar maple-ostrich fern riverine
forest with some open turf grass.
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To assess the vertical extent of channel change, bank heights at each transect point were measured
manually in 2013 and from an UAS in 2016 (Hamshaw et al., 2017), with the exception of Site F,
which was outside the UAS survey area. Since measurements from the two dates corresponded well
at the transect locations, the 2016 UAS survey data were used to generate an average bank height
for the length of the field edge. The manually measured 2013 bank height was used as an average
for Site F. Because no bank height measurements were available pre-Irene, we assumed the ground
surface elevation of the erosion feature was constant at any given cross section. An estimate of bank
height variance was derived by calculating the 95% confidence interval (CI) of six bank heights from
evenly spaced cross sections along each study site. The average CI from Sites A–E was used for Site F.
The UAS elevation data had a median error of 0.11 m (Hamshaw et al., 2017).
Volume of soil lost between 2008 and 2011 was calculated as the product of the surface area estimates
described above, and the average bank height along the length of field edge. A corresponding mass of soil
loss was calculated using the measured bulk density values. Error in this calculation was estimated using the
CI for the bulk density readings. We also calculated silt- and clay-sized particle loss by using the texture ana-
lyses in Table 2. To determine TP loss, the average TP to the depth of the stream bank was calculated using
data for the near-stream transect points. For depths below 90 cm, the TP concentration was assumed to be
the same as in the 60- to 90-cm samples. To estimate the error associated with TP concentration, we used the
difference between profile TP values from the two near-stream transect points.
For this study, we assumed that the entire difference in stream bank location between 2008 and 2011 was
caused by Tropical Storm Irene and that the extent of scouring, vegetation loss, and sediment deposition evi-
dent in post-Irene imagery can largely be explained by that event (Figures 2 and S2). Streamflow gauging
records from USGS show that no other storm events exceeding the 2-year RI of 163 m3/s (Olson, 2014)
occurred between the image dates, although two events were close (1 October 2010 at 148 m3/s and 11
April 2011 at 143 m3/s). It is clear from the 2011 images (Figures 2 and S2) that geomorphic changes occurred
that could only be ascribed to severe flooding and Irene was the only such event in that time period.
2.5. Estimating Watershed-Scale Sediment and Phosphorus Export
To contextualize our estimates from the six Irene-affected stream bank sites studied here in terms of
watershed-scale sediment and TP dynamics, we compared our estimates to the following: (a) areal
channel-change measurements conducted over a greater length of the main stem for the same time period
(2008–2011) (Jordan, 2013) and (b) watershed-scale suspended sediment and TP flux data estimated using
data collected during other studies (Hamshaw et al., 2018; Jordan, 2013).
Jordan (2013) measured changes in stream position from air photos between 2008 and 2011 along 26 km of
theMad River’s main stem (inclusive of our six sites), using the samemethods as our study. She found an areal
change of 215 × 103 m2 of bank retreat but did not measure depth or attempt to estimate mass loss from
bank erosion. We extended her estimates in this study by assuming a conservative, average bank height of
1 m (about half the typical height we measured at our sites and in a more extended UAS; Hamshaw et al.,
2017) and our average measured bulk density. We also conservatively assumed TP eroded along this entire
Table 2
Soil Characteristics at the Near-Stream Sampling Points Averaged Over 0- to 90-cm Depth
Site
Sand (g/kg) Silt (g/kg) Clay (g/kg) Organic matter (g/kg)
TextureaMean SE Mean SE Mean SE Mean SE
A 704 24.1 228 22.1 69 3.3 23.1 3.1 Sandy loam
B 641 29.1 305 25.0 54 4.7 26.9 3.3 Sandy loam
C 754 7.9 187 9.9 59 4.6 21.2 2.3 Sandy loam
D 699 23.8 242 22.6 59 2.8 25.3 2.8 Sandy loam
E 780 20.4 174 19.3 46 1.9 10.1 0.9 Loamy sand
F 838 15.5 113 13.8 49 3.2 16.4 2.7 Loamy sand
Note. SE = standard error of the mean; USDA = United States Department of Agriculture.
aUSDA classification.
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length of the river corridor was equal to the low regional parent material
average of 600 mg/kg (Yang et al., 2013).
We used two approaches to estimate watershed suspended sediment and
TP export for time periods before, including, and after Irene. First, a rough
estimate of watershed-scale total suspended solids (TSS) and TP export
was derived through scaling of the average annual export of the larger
Winooski watershed (Medalie, 2014) to that of the Mad River, which com-
prises 13.8% in the Winooski drainage area. The Winooski watershed esti-
mates were calculated using daily mean discharge and a weighted
regression with less frequent chemical analyses (monthly to bimonthly).
We generated an annual average estimate based on 19 years of data prior
to Irene and separately report Medalie’s estimate for 2011, which includes
the Irene flood event. Second, an estimate of average annual suspended
sediment export was derived from data collected in a separate study by
Hamshaw et al. (2018). TSS load from the Mad River watershed was esti-
mated seasonally (early spring through late autumn) from 2013 to 2016
by surrogate monitoring using a turbidity sensor. To scale the seasonal
TSS load estimates to the entire year, turbidity-based measurements from
Hamshaw et al. (2018) were combined with estimates for the period when
direct monitoring was not available (i.e., springmelt period) by referencing
discharge data from the USGS stream gauge and utilizing existing regres-
sion relationships of TSS to discharge (Hamshaw, 2018). Average annual
TSS export for the Mad River was then calculated using the cumulative
TSS load from the four-year (2013 to 2016) period. Average annual TP
export from the 2013–2016 period was similarly derived using a rating
curve-based approach with power law regressions developed between
turbidity and TP, and discharge and TP (Figure S3 and Table S1) from the
turbidity and TP data collected by Hamshaw (2018). In both of the above
cases, we related our site-specific erosion to watershed-scale export esti-
mates by calculating the fraction of mass soil lost that would likely be
transported during high flow events as suspended matter (as both silts
and clays, and only clays).
3. Results
3.1. Soil Characterization
Stream corridor soils at our study sites were coarse in texture and relatively
low in organic matter (Table 2). The soils were generally deep (i.e.,
>90 cm), with consistent textural class (sandy loams or loamy sands)
throughout the profile (Table S2). At the two sites (C and E) where deeper
samples were obtained, texture was again consistent with the upper pro-
file. Gravel inclusions are not uncommon in these soils, and thin layers
were found between 45 and 70 cm in profiles at Sites A and C.
The average TP in the 0- to 15-cm depth across transect locations (field,
buffer, and stream bank edge) from the six stream bank sites ranged from
728 to 994 mg/kg and showed no clear trend along the transects
(Figure 3a). There was also no clear trend in TP with depth (see data in
the supporting information). The DPS was elevated in the hay field at
Site A and the hay field and stream bank edge in Site B (Figure 3b). Sites A and B were on active dairy and
beef farms, respectively, and had minimal buffer zones in 2013 but obvious mixed vegetation buffers prior
to Irene (Figure 2). STP was also elevated at these two locations, especially at Site B (4.6 and 22.4 mg/kg
for the fields at Sites A and B respectively, Figure 3c). The optimum range for STP for crop growth in
Vermont is 4–7 mg/kg, and anything above 20 mg/kg is considered excessive (Jokela et al., 2004). As
Figure 3. (a) Total phosphorus, (b) the degree of phosphorus saturation and
(c) soil test (Modified Morgans) phosphorus in the 0- to 15-cm depth of the
six sites. Error bars represent the standard error of the mean, which was
taken from eight sampling points for each location (see Figure S1). Sites A
and B had essentially no buffer.
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would be expected, there was a clear decline in STP with depth at all locations to an average of 0.8 (SE 0.1)
mg/kg in the 60- to 90-cm depth (data in the supporting information).
3.2. Stream bank Erosion
All of the sites we studied experienced channel changes between 2008 and 2011 (Table 3). The measured
length of erosion along the stream bank at each site ranged from 92 to 228 m, with the maximum width
of eroded area varying between 3.7 and 32.9 m. Bank heights ranged from 1.7 to 2.5 m and were relatively
uniform within a given site, although Site B had a 1-m variation along its length. Soil bulk density also had
a narrow range between 1.20 and 1.40 Mg/m3.
Estimated erosion mass varied from a high of 4,780 Mg (42.7 Mg/m of stream bank) at Site E to a low of
341 Mg (3.7 Mg/m) at Site D (Table 3). The mass of eroded soil per meter length of stream bank was well cor-
related with the maximum width of erosion. Estimated TP loss ranged from 292 kg (3.2 kg/m of stream bank)
at Site D to 4,276 kg (38.2 kg/m) at Site E, where total erosion was also highest. These six sites together repre-
sented 0.87 km of stream bank and contributed 17.6 × 103 Mg of eroded soil containing 15.8 Mg of TP
(20.4 × 103 Mg/km of soil and 18.4 Mg/km of TP). The bioavailable form of P, estimated with STP, was 2–3
orders of magnitude lower than TP. The depth-prorated concentration of STP in the near-stream soils varied
from 0.3 mg/kg at Site F to 3.0 mg/kg at Site B compared to 622 mg/kg and 906 mg/kg, respectively, for the
prorated TP concentrations. This translates to a total of 0.6 and 14.0 kg of STP eroded from these two
sites, respectively.
The majority of the 17.6 × 103 Mg of eroded soil was sand sized (64–84%), and these coarser-grained sedi-
ments were likely not fully exported from the watershed due to in-stream (and possibly overbank) deposition.
We calculated the fine fractions of the eroded soil at 4.8 × 103 Mg for the silt- and clay-sized particles and
similarly 1.0 × 103 Mg for only the clay-sized particles (Table 4). These values are more appropriate for com-
paring our stream bank loss estimates to watershed-scale suspended sediment and TP exports (explored
further in the following section).
3.3. Comparisons With Estimates of Main Stem Erosion and Watershed-Scale Annual Export
The main stem of the Mad River is ~35 km in length, and we estimated erosion losses from only 2.5% of this
length, although we targeted high-eroding segments. Additionally, our transects were located on a single
side of the river, not both. Using the erosional estimates of Jordan (2013) along 26 km of the main stem,
and with our conservative use of an average bank height of 1 m, we calculated 274 × 103 Mg of stream bank
erosion over the 3-year period that included Irene (Table 4). Most of this erosion was likely attributed to Irene
and is about 15 times the erosion estimated from only our six sites (totaling 0.87 km of main stem). Similarly,
using the erosion data from Jordan (2013), we estimated 165 Mg of TP contributed from stream banks along
the main stem over the Irene period. The 0.87 km of eroded stream bank in this study contributed 15.8 Mg of
TP in all size fractions (Table 4). Assuming the silt- and clay-sized particles had 1.3 times the TP of the bulk soil
(a relationship between silt loam and loamy sand found in Ishee et al., 2015), the silt and clay fraction
together would have 5.7 Mg of TP and the clay alone 1.2 Mg (Table 4).
Table 3
Soil and Phosphorus Eroded Between 2008 and 2011, Including Calculation Parameters
Site Length along stream (m)
Maximum width











A 158 11.6 2.4 ± 0.03 2677 ± 73 3743 ± 108 1066 ± 42 3990 ± 120
B 228 17.1 2.5 ± 0.24 3259 ± 778 4652 ± 1137 906 ± 52 4215 ± 1090
C 152 12.1 2.0 ± 0.14 1864 ± 258 2398 ± 345 836 ± 68 2006 ± 312
D 92 3.7 2.1 ± 0.05 293 ± 14 341 ± 16 858 ± 13 292 ± 14
E 112 32.9 1.7 ± 0.08 3603 ± 303 4780 ± 425 895 ± 38 4276 ± 397
F 120 9.3 2.0 ± 0.11 1306 ± 140 1665 ± 184 622 ± 54 1036 ± 124
Note. Error was calculated as the 95% confidence interval for all variables except total phosphorus, which uses the range of the duplicates. The error was propa-
gated throughout the calculations.
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Erosion from our six stream bank sites produced estimated fluxes of sediment and TP during a single extreme
event that were comparable to the calculated average annual fluxes derived from others (Table 4). Our esti-
mates of suspended sediment export of the Mad River gave an annual average of 16.1 × 103 and
28.3 × 103 Mg of TSS export, from the Winooski-scaled and turbidity monitoring estimates, respectively.
These estimates are both similar in magnitude to our 17.6 × 103 Mg of stream bank erosion (Table 4). The
annual suspended sediment export from the Winooski for 2011, the year of Irene, was 4 times higher than
the average of the prior 19 years (Medalie, 2014).
Similar to sediment, our calculations suggest that TP loading from Irene from just the six sites was compar-
able in magnitude to the long-term annual export averages (Table 4). The Mad River annual average TP
export was 22.5 Mg of TP based on the Winooski-scale estimates and 15.8 Mg using the direct turbidity
monitoring-based estimates. Annual TP loss during 2011 (Irene year) was estimated at 63.6 Mg, and nearly
4 times higher than annual average export during years not including Irene, consistent with results for TSS.
4. Discussion
The August 2011 flood in the Mad River valley during Tropical Storm Irene was an extreme event (200- to 500-
year RI) that resulted in significant stream bank erosion driven by channel widening and meander migration,
including at our six study sites located along the midwatershed reaches of the main stem (Figure 1). Bank ero-
sion at these six main stem sites during the 2-day event generated mass inputs to the channel of fine sedi-
ments and TP that were similar in magnitude to average fluxes from the entire watershed over a typical year.
4.1. Geomorphic Context for Erosion Estimates
The magnitude of channel-floodplain change and its spatial distribution in response to an extreme event is a
complex, nonlinear manifestation of several factors (Costa & O’Connor, 1995; Wolman & Gerson, 1978),
including not only the magnitude, frequency, and duration of the event (Magilligan et al., 2015), antecedent
conditions (Hooke, 2015), and channel characteristics (Buraas et al., 2014) but also the basin lithology and
geomorphic setting (Costa & O’Connor, 1995). Valley confinement has been identified as a controlling factor
in geomorphic effectiveness of extreme events, where lower-gradient, unconfined reaches have been char-
acterized by more depositional conditions (Thompson & Croke, 2013) and enhanced planimetric adjustment
(Righini et al., 2017), relative to confined reaches.
Table 4
Estimates of Sediment Erosion and Export






This study—sum of the six sites 0.87 km of main stem Irene period Aug 2008 to Sep 2011 17.6 15.8
This study—sum of the six sites using only the clay- and silt-sized
fraction
0.87 km of main stem Irene period Aug 2008 to Sep 2011 4.8 5.7
This study—sum of the six sites using only the clay-sized fraction 0.87 km of main stem Irene period Aug 2008 to Sep 2011 1.0 1.2
Jordan (2013) 26 km of main stem Irene period Aug 2008 to Sep 2011 274 165
Suspended export estimates
Proportionala estimate using data from the larger Winooski River
watershed (Medalie, 2014)
Entire Annual average 1992–2010 16.1 22.5
Proportionala estimatex using data from the larger Winooski
River watershed (Medalie, 2014)
Entire 1 year (Irene) 2011 64.7 63.6
Mad River estimate using TSS, TP, turbidity, and discharge rating
curvesb (Hamshaw, 2018)
Above USGS gaugec Annual average 2013–2016 28.3 15.8
Note. TSS = total suspended solids; TP = total phosphorus; USGS = United States Geological Survey.
aYield estimate for Winooski River scaled to proportion of Winooski watershed comprising theMad River (13.8%). bEstimates from 2013 to 2016 include the post-
Irene period, characterized by near-normal mean annual flows, and a maximum peak flow of 222 m3/s (between a 2- to 5-year RI) on 15 April 2014. It also encom-
passed a 4 July 2013 flood event when a peak flow of 189 m3/s was recorded at the USGS gauge, resulting in inundation extents in the upper portion of the
watershed (including at Sites D, E, and F). cThe watershed area above the USGS gauge is 92% of the total watershed area, but no major tributaries enter the river
below it.
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In our study, geomorphic assessments completed prior to Irene determined the reaches containing Sites B
through F to be dominated by widening and aggradation processes (https://anrweb.vt.gov/DEC/SGA/
Default.aspx, last accessed June 2018; reach containing Site A was not assessed). Sites A through E were
located along channel reaches of relatively low gradient (<0.5%) in unconfined valley settings (valley
width/channel width > 14). The channel in each case is somewhat incised below the floodplain, based on
cross sections completed after Irene proximal to our stream bank monitoring sites. According to a post-
Irene one-dimensional Hydrologic Engineering Center-River Analysis System model (Dubois and King Inc.,
2017), the 2.33-year RI flood is contained within the channel banks at Sites A through E. However, the mod-
eled peak Irene stage inundated the floodplain at each site. The transect at Site F (Figure S2), in contrast, was
located at a bedrock-controlled valley pinch point in an otherwise narrow to broad reach (valley
width/channel width = 6.3). Modeled flows up to and exceeding the peak stage of the Irene flood were con-
tained within the channel/valley banks at Site F. The erosion polygon examined at this site, however,
extended upstream from the transect into a setting that is locally unconfined by valley walls. Irene flood-
waters inundated this localized pocket of floodplain, located approximately 100 m upstream of Transect F.
None of our estimates of sediment input have included contributions from steeper tributaries. Based on lim-
ited field observations and anecdotal accounts, we note that significant erosion and deposition occurred
along tributary reaches during Irene. These steeper-gradient reaches tend to be more closely coupled to hill-
slopes comprised of glacial till, and to glaciolacustrine and glaciofluvial terraces (Dunn et al., 2007), that are
subject to mass wasting (Springston, 2017). It is possible that sediment sourced from these headwaters led to
coarse sediment aggradation along the main stem and contributed to channel widening and planform
adjustment at our six study sites. Additionally, fine sediment (<63 μm) sourced from the steeper tributaries
likely contributed to watershed-scale export of TSS (and possibly TP). Our study does not convey a full
accounting of the Irene event sediment budget for the watershed, nor does it represent a comprehensive
examination of hydraulic or geomorphic variables with the potential to control channel and floodplain
response to this extreme event. Rather, our research represents a case study of stream bank erosion resulting
from an extreme event and demonstrates the utility of aerial surveys paired with transect sampling to gen-
erate estimates of sediment and TP loss due to channel adjustment.
4.2. Potential Limitations of Measurements and Estimates
As stated above, our erosion measurements are likely high estimates for watershed sediment export. We did
not account for stream bed retention or attenuation of suspended sediments in overbank areas of the flood-
plain, or behind impoundments. However, sediment deposited in the stream bed will likely contribute to
export in subsequent events and most will eventually be exported. Our two full-watershed export estimates
differed, and this could partially be attributed to the impact of impoundments downstream of the USGS
gauge on the Mad River and along the Winooski as well as the Winooski-based estimates being pre-Irene
and Mad River estimates being post-Irene. While both estimates have different limitations, our intent was
to highlight the effect of one extreme event relative to annual norms rather than accurately quantify
watershed sediment and P export.
We assumed that the stream bank heights measured after Irene (2016 UAS) were similar to those that existed
before Irene. Given that the study areas were relatively closely spaced along the valley floor (resulting in a
relatively low range in upstream drainage area) and had low variability in current bank heights among the
sites suggests that this may be the case, but there are no available data to unequivocally demonstrate this.
For calculating themass of soil and TP loss, we also assumed that the current near-stream soils were the same
in character as the soil eroded. Again, there was low variability in both particle size and texture across the
sites, and this assumption appears reasonable. The assumption that the soil deeper than 90 cm had the same
TP as the 60- to 90-cm layer appeared to be reasonable at the two sites with deeper samples. Site B had an
average concentration in the 60- to 90-cm depth of 805 mg/kg and one sample each from 90–120 and 120–
150 cmwith TP of 801 and 761mg/kg, respectively (Data Set S1 in the supporting information). Site E had one
deeper sample taken, 90–120 cm, which had 878 mg/kg (Data Set S1), whereas the 60- to 90-cm samples had
an average of 874 mg/kg. Finally, we used soil bulk density measurements from the surface 0–15 cm for the
full soil loss profile, and we did not include any estimates of coarse fragments, in either the mass or TP calcu-
lations. These two assumptions should more or less cancel each other out as the subsurface soils are usually
denser than the surface (due to lower organic matter), but the actual mass of soil will be lower if coarse
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fragments (>2 mm) are excluded. Ishee et al. (2015), working with near-stream soils in another part of the
Winooski watershed, found about a 20% increase in bulk density in soils 25–150 cm deep compared to 0–
15 cm. A firm estimate of coarse fragments is not available because we did not sample to the depth of the
stream banks (and obviously did not sample the already eroded stream bank soils). However, Sites A, C,
and E had USDA NRCS characterization pits located within 10 m of the transects and excavated to depths
of 130, 140, and 147 cm, respectively (S2013VT023001, 2, and 3; Soil Survey Staff, 2017b). The pits at
Sites C and E averaged <1% coarse fragments down to 140+ cm, with Site E having a gravelly layer from
144 to 147 (57% coarse fragments). Site A had more gravel throughout the profile, averaging 3% in the
top 55 cm and 21% in the bottom 75 cm.
4.3. Total and Bioavailable Phosphorus Relative to Other Studies
Themean TP at all six of our sites was above themean of 621 ± 21mg/kg found by Ishee et al. (2015) in similar
depth sampling of near-stream soils in Lake Champlain tributaries further west of the Mad River. Other stu-
dies of near-stream soils in Vermont have found similarly low average concentrations (DeWolfe et al., 2004;
Young et al., 2012). The average concentration in soils across the United States (Abrams & Jarrell, 1995)
and the regional concentration in parent material (Yang et al., 2013) is 600 mg/kg. Soils with a history of agri-
cultural land use can have “legacy” P (Sharpley et al., 2013), and near-stream soils can be elevated depending
on the presence or absence of an effective riparian buffer. Near-stream soils associated with agricultural land
use have been elevated in other areas of the Basin, as high as 1,874mg/kg TP (Young et al., 2012). The trend in
TP in our study (Table 3) was higher in the sites with active agriculture (A and B) and elevated STP and DPS.
Because we sampled after Irene, it is possible that the stream banks eroded during Irene at these two sites
had somewhat lower (e.g., 20–30%) TP, more similar to the mean found at other sites. The near-stream soils
sampled in this study post Irene may have been high in P due to their former, more interior position where
they could have received additions of manure and/or fertilizer. If so, our estimates of TP erosional loss could
be somewhat inflated.
Loss of bioavailable P, as estimated by STP, was a small percentage of the overall TP export. Much of the
eroded soil, especially below the 0- to 15-cm layer, was quite low in both STP and DPS, suggesting relatively
low release of dissolved P. Similar results were found by Ishee et al. (2015) in the western portion of the
Winooski watershed in tributaries with mixed land use but low agriculture. Assuming the eroded stream
banks in our study had similar STP to what we measured and it all dissolved from the eroded soil into the
stream and was exported to Lake Champlain without undergoing subsequent transformation, the total bioa-
vailable P export would be 0.04 Mg. This total can be compared to the annual average export of dissolved P
(<0.45 μm), normalized to the Mad River from the larger Winooski (Medalie, 2014), which was 2.8 Mg from
1992 to 2010. However, such a simple comparison does not account for the complexities of instream nutrient
cycling that would undoubtedly occur along the Mad River and lower Winooski River. For example, Grundtner
et al. (2014) showed that sediment from eroded stream banks in Minnesota likely sorbed dissolved P during
transport and deposition downstream. The stream bank sediments eroded into the Mad River could poten-
tially be a temporary sink for dissolved P, but any P sorbed by Fe oxides could also be released if the sedi-
ments become anoxic (Young & Ross, 2001). There are dams at select locations along the Mad River and
Winooski River main stems with potential for transient storage of sediments in the resulting impoundments.
Anoxic conditions can occur in shallow sediments of these impoundments or in the ultimate receiving waters
of Lake Champlain where such conditions have been linked to algal blooms (Isles et al., 2015, 2017).
During Irene, additional inputs of bioavailable P to the stream could have resulted from greatly increased
overland flow and surface runoff. However, monitoring in other watersheds along the path of Irene showed
that particulate forms of P increased much more than dissolved forms (Vidon et al., 2018). The influx of par-
ticulate P appeared to far exceed wash of bioavailable P.
4.4. Local and Regional Impacts
The effects of Tropical Storm Irene will likely influence stream bank erosion for the foreseeable future.
Continued unusually high suspended sediment concentrations have been reported post Irene in streams
of the Connecticut watershed (Yellen et al., 2014). One important impact of the extreme event was the extent
of stream bank loss, usually extending beyond established vegetated riparian buffers. As can be seen from
the images (Figures 2 and S2), many of the fields had narrow strips of large trees along the stream bank
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that were removed during the event. These narrow buffers were easily stripped, particularly as incised and
entrenched channels experienced enhanced stream power leading to fluvial erosion. Tree buffers are now
absent along the newly eroded stream banks, and, in the case of Site B (managed cropland), the current
stream bank has elevated STP and DPS (relative to the other sites). The new stream edge is located where
the field was formerly cropped. Stream bank failure has continued at most of our study sites. Shortly before
soil sampling, ~6 m of bank was lost from Site E during a flood event on 3–4 July 2013 (Anderson et al., 2013).
Once eroded, coarse stream bank sediment could be deposited in downstream reaches and become a driver
for bank retreat in future high flows. Continued higher rates of stream bank loss will also increase the likeli-
hood of proportionally greater bioavailable P transport as the stream channel moves into soils previously
amended with P in fertilizer and manure (legacy P). The loss of the wooded riparian buffers will have long-
lasting effects on stream bank stability especially in light of time needed to reestablish mature trees, and
the limitations on buffer width imposed by adjacent agricultural or developed land uses.
With projected increases in both the quantity of precipitation (Huang et al., 2018; Intergovernmental Panel
on Climate Change, 2013) and the frequency of extreme events (Horton & Liu, 2014) due to climate
change, the rivers of the northeastern United States will likely continue to experience unprecedented
discharge and cascading downstream effects (Vidon et al., 2018) such as those apparent during Tropical
Storm Irene. The Mad River watershed (Figure 1) comprises a relatively small area of the Lake
Champlain basin, but similar extreme flows were observed throughout the upper Winooski River sub-basin
(Olson, 2015). Sediment (TSS) discharge at the mouth of the Winooski for 29 August 2011 (the day after
Irene entered Vermont) was 126 × 103 Mg, which is higher than the average annual export from 1992
to 2012 (excluding 2011) of 113 × 103 Mg (Medalie, 2014). Similar high sediment discharges were seen
in two of the major watersheds of the northeastern United States—the Hudson and Connecticut Rivers.
Ralston et al. (2013) found that the combined effects of Tropical Storms Irene and Lee (which closely
followed Irene) delivered about 5 times the normal annual input of sediment to the Hudson River.
Sediment load in the lower Connecticut River over the 3 days of peak flow due to Tropical Storm Irene
was about twice the average annual load (Yellen et al., 2014). The source of this sediment was both from
channel widening, or typical stream bank erosion, and stream-adjacent mass wasting (Dethier et al., 2016).
Region-wide impacts from stream bank erosion would likely have been more severe if the extreme event
had a longer duration. Magilligan et al. (2015) observed that channel widening in Saxton’s River in south-
eastern Vermont (Connecticut River watershed) was less than expected because of the short duration of
sufficient stream power (~6 hr). New channel avulsion and mass wasting mobilized sediments likely not
exposed since glaciation (Magilligan et al., 2015; Yellen et al., 2016). It is possible that similar upland sedi-
ments contributed to export from the Mad River during Irene. This sediment would not contain legacy P
from agriculture and, similar to most of the soils we sampled, would not be expected to immediately con-
tribute bioavailable P downstream. Regardless of the exact source, it is evident that extreme precipitation
events, such as Tropical Storm Irene, can have regional impacts on sediment movement.
5. Conclusions
This case study details geomorphic effectiveness of a relatively short duration, extreme precipitation event on
six discrete sites along the main stem of a small, mountainous New England river. Extensive stream bank
retreat, sediment, and P loss occurred. The availability of timely, high-resolution aerial imagery offered an
effective method to measure channel movement at highly vulnerable sites. We estimated that the load of
sediment and P from<1 km of stream bank during this one event was similar in magnitude to the long-term
average annual export. High post-Irene rates of stream bank erosion and sediment transport are likely due, in
part, to instability caused by this event (Dethier et al., 2016). Continued high rates of erosion are probable
given the projected increased likelihood of recurring extreme precipitation events (Hayhoe et al., 2007).
The Irene-induced contribution of immediately bioavailable P appeared to be relatively low, but continued
erosion will contribute sediment with higher concentrations of legacy P. Our study contributes to a body
of literature on these geomorphically and biogeochemically important rare events and underscores the
importance of extreme storms in sediment and nutrient flux from mountainous watersheds. Given the long
recovery times from extreme events in humid temperate regions (Wolman & Gerson, 1978), these effects will
be long-lasting.
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Traditionally, management recommendations for agricultural lands consider rivers to be static in planform
with a prescribed set back from the stream bank for agricultural activities and minimum widths of riparian
buffers. In reality, rivers are very dynamic, and extreme events, particularly in unconfined settings, can drive
substantial channel widening and wholesale removal of buffers. In the process, inland field areas more con-
centrated in particulate and bioavailable forms of P become accessible to stream bank erosion, raising the
possibility that increased sediment and nutrient loading may be a persistent legacy of these extreme events.
To mitigate for nutrient and sediment loading in a future where extreme events are projected to increase in
magnitude and frequency (Guilbert et al., 2014), greater protective measures may be warranted including
increased riparian buffer widths, improved nutrient management, and alternate cropping and grazing prac-
tices to reduce nutrient inputs.
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